Land to produce biomass is essential if the United States is to expand bioenergy supply. Use of agriculturally marginal land avoids the food vs. fuel problems of food price rises and carbon debt that are associated with crop and forestland. Recent remote sensing studies have identified large areas of US marginal land deemed suitable for bioenergy crops. Yet the sustainability benefits of growing bioenergy crops on marginal land only pertain if land is economically available. Scant attention has been paid to the willingness of landowners to supply land for bioenergy crops. Focusing on the northern tier of the Great Lakes, where grassland transitions to forest and land prices are low, this contingent valuation study reports on the willingness of a representative sample of 1124 private, noncorporate landowners to rent land for three bioenergy crops: corn, switchgrass, and poplar. Of the 11% of land that was agriculturally marginal, they were willing to make available no more than 21% for any bioenergy crop (switchgrass preferred on marginal land) at double the prevailing land rental rate in the region. At the same generous rental rate, of the 28% that is cropland, they would rent up to 23% for bioenergy crops (corn preferred), while of the 55% that is forestland, they would rent up to 15% for bioenergy crops (poplar preferred). Regression results identified deterrents to land rental for bioenergy purposes included appreciation of environmental amenities and concern about rental disamenities. In sum, like landowners in the southern Great Lakes region, landowners in the Northern Tier are reluctant to supply marginal land for bioenergy crops. If rental markets existed, they would rent more crop and forestland for bioenergy crops than they would marginal land, which would generate carbon debt and opportunity costs in wood product and food markets.
Introduction
Research into biofuel and bioelectricity development has been a major focus of scientists, land grant universities, and government agencies in the United States following the passage of the Energy Independence and Security Act of 2007. One guiding assumption of this effort to foster second-generation bioenergy markets has been the notion that significant tracts of marginal agricultural and forestlands could provision biomass without necessarily displacing feed, forage, and timber cultivation. Seminal studies, such as the US Department of Energy (2011) Billion Ton report and the Gelfand et al. (2013) article on 'Marginal Lands in the US Midwest', document the stock of rural lands with biophysical conditions that suggest they could be primed to generate large quantities of biomass, in the form of permanent grasses and dedicated fast-growth forests, supplemented by crop residues.
In stark contrast, a growing number of studies probe the critical social and economic questions of whether, and under what market conditions, private landowners of 'marginal lands' would be willing to supply land for biomass production (Jensen et al., 2007; Paulrud & Laitila, 2010; Qualls et al., 2012; Bergtold et al., 2014) . Most of these studies survey a representative, random sample of private landowners on willingness to supply a specific type of biomass, such as permanent grasses (Jensen et al., 2007; Bocqueho & Jacquet, 2010; Qualls et al., 2012; ) , residues from crops (Tyndall et al., 2011; Altman & Sanders, 2012; Altman et al., 2015) , or woody biomass (Joshi & Mehmood, 2011; Aguilar et al., 2014) . Some studies (Paulrud & Laitila, 2010; Mooney et al., 2015; Skevas et al., 2016) examine multiple biomass sources and attempt to identify the land types that landowners would dedicate to energy biomass production. The advantage of identifying land types is that this information reveals the degree to which 'marginal lands' are likely to play a small or large role in the provisioning of biomass. These findings can then be used to evaluate potential economic and environmental impacts of bioenergy on the landscape.
This study examines land use decisions governing cellulosic biomass on specific land types in the Northern Tier of Michigan and Wisconsin. The region is of interest for several reasons. First, it represents an important 'extensive margin' for biomass provisioning across the north of the United States, one where forests predominate in a cool weather environment, but they are accompanied by both cropland and farmable noncropland that are not a primary source of food from US agriculture. Although all three land types fit an economic definition of 'marginal land' in the sense that rural land prices and rental rates are low (implying low expected profitability of commercial use), only the farmable noncroplands are marginal in the sense that changing their use would affect neither food nor wood markets. The conversion of cropland to bioenergy crops potentially can affect food and feed prices, while the conversion of forestland to bioenergy crops can affect timber markets (NRC, 2011) . These conversions also create a 'carbon debt' whereby many years of bioenergy cropping are required to compensate for the carbon released from forest clearing (Fargione et al., 2008) .
Second, recent surveys of private landowners in the agricultural areas of southern Michigan and Wisconsin (Mooney et al., 2015; Skevas et al., 2016) reveal that relatively little marginal land would be made available for biomass production even at high rental rates. These findings are explained by: (a) high opportunity costs associated with current land uses, especially the feed and forage demands of integrated livestock operations; (b) uncertainty and sunk investment associated with some land use changes (Song et al., 2011) ; (c) amenity values associated with current land uses; and (d) other landowner characteristics and preferences.
A third reason for focusing on the Northern Tier of these two states is prima facie evidence of lower opportunity costs for biomass provisioning. Land rental rates for cropland and grasslands are considerably lower than in the southern regions of these states. Crop enterprise budget analyses of yields, revenues, and costs associated with cellulosic biomass cultivation in the northern Great Lakes region (Kells & Swinton, 2014) demonstrate that the Northern Tier has a comparative advantage in terms of biomass cultivation (with relatively higher yields of biomass compared to crop and forage production). These comparative advantage conditions are likely to be evident in other Great Lakes states with significant forest cover (e.g., Minnesota and New York). Previous studies of Northern Tier biomass prospects have focused almost exclusively on woody biomass (Joshi & Mehmood, 2011; Aguilar et al., 2014) , rather than on the wider range of biomass options afforded by the marginal land types of the region. By contrast, this study probes the full array of land types that landowners could dedicate to biomass production, specifically the choice of using cropland, noncrop marginal land, and forestlands, for any of the three main types of biomass (annual grasses, perennial grasses, and wood). The survey design captures the potential to change current land allocation toward or away from crops, forests, and other uses to biomass provisioning.
The empirical analysis exploits a hurdle model estimation strategy (Cragg, 1971; Ma et al., 2012) that allows us to treat the landowners' problem in two stages: a first-stage probit model of the willingness to participate in each biomass market and a second-stage truncated regression that explores the amount of land dedicated to the activity contingent on participation. This estimation strategy allows a careful examination of the factors shaping the participation and the land quantity decisions. It thus allows for the possibility that factors can shape either, both, or neither of the decisions. The results help to sort out in what ways land use choices are sensitive to land rental rates and to other nonincome-related factors.
The data collection on landowner willingness to rent out land for bioenergy crops relies on contingent valuation methodology (Cameron & James, 1987; Carson & Hanemann, 2005; Mooney et al., 2015; Skevas et al., 2016) to explore the responsiveness of landowners to different rental prices for the biomass types. This type of survey research design randomizes the starting price treatment seen by respondents to probe a wide range of possible rental rates. The rental rate scenarios are preceded by survey questions about current land uses and then succeeded by ones that detail explanatory factors related to landowner wealth and income, preferences for amenities, environmental attitudes, and concerns about rental arrangements. The nonincome factors may be especially relevant to Northern Tier landowners for whom these properties and their use are frequently not significant sources of income but may instead provide major recreational or other nonpecuniary values.
The empirical analysis addresses two main questions related to the supply of biomass in the Northern Tier. First, how much land is available for energy biomass in the Northern Tier of Michigan and Wisconsin?
In particular, how does that availability vary by land type -with specific attention to noncrop marginal land where expansion of bioenergy crops would have minimal effect on food and wood markets and on the level of carbon debt. In order to elicit willingness to supply land for production of bioenergy crops, (a) without requiring the respondent to have the equipment and/or capital to produce their own energy biomass, and (b) without incurring the costs of land clearing, the land supply questions inquire about landowner willingness to rent out land for biomass production, rather than asking whether the landowner would produce energy biomass himself or herself. Second, what factors affect supply of land for renting for bioenergy crops in this region? Specifically, (a) What is the relative importance for landowners in this region of profitability (e.g., rental rate) as compared to amenities (e.g., environmental quality and rental process issues)? (b) How does the relative importance of these attributes compare with findings from agricultural zones, such as the southern parts of these same states? (c) How do the determinants of willingness to supply land for bioenergy crops vary between the decision on whether to supply any land at all and how much land to offer to rent?
The article is structured as follows: The next section presents our conceptual model of the landowner decisions about land use. The third section develops the empirical methods in three parts: the sample frame, the survey design, and the estimation strategy. Section four presents the main empirical findings. The final section discusses the implications of the findings for bioenergy policy and for future research related to land use decisions by private landowners and other types of landowners.
Conceptual model
Prior research suggests that landowners who own more than one type of land think of land types distinctly (Skevas et al., 2016) . They are more inclined to devote land to a closely related use (e.g., change to a different grass crop on cropland) than to undertake a major land use change (e.g., replace an annual grass crop with a perennial tree crop). Hence, we disaggregate the land use decision among three land types: cropland, farmable noncropland, and forestland. We assume that landowners maximize utility from each type of land type (i) by choosing the area devoted to a given crop (j). We assume that landowner utility comes in part from consumption of marketed goods purchased with money income. That income may be generated as net returns from land-based activities (e.g., crop production, timber harvest) or from nonland income sources. We further assume that landowners derive utility from environmental amenities. Finally, because we elicit willingness to supply land to grow bioenergy crops by hypothesizing a rental market, we assume that the utility function may include disamenities associated with renting land (such as noise and loss of privacy).
Let 
Utility is a function of consumption (c), environmental amenities (env), and rental disamenities (rent) from renting land for bioenergy crops j = 1,. . .,J. Landowners maximize their utility by choosing the area of land to devote to each crop, recognizing that their choice may affect the level of amenities received from the land. The optimal solution to the maximization problem is given by the bioenergy land supply equation:
For convenience in stating hypotheses, we assume the function A(.) to be differentiable in each of its arguments.
The arguments in the bioenergy land supply equation represent theoretical expectations that can be subjected to empirical hypothesis tests that would lead to rejection of the null hypotheses listed below for the reasons indicated:
• H1: Rental rate (p) has no effect on willingness to rent land or amount of land supplied. But if landowners are market oriented, we expect land area to increase in response to higher rental rate offers (A 0 (p) > 0).
• H2: Environmental amenities (env) have no effect on willingness to rent land or amount of land supplied. But if landowners enjoy land-based environmental amenities that might be curtailed by shifting land to bioenergy uses, we expect enjoyment of environmental amenities to reduce land area offered for bioenergy uses (A 0 (env) < 0).
• H3: Rental disamenities (rent) have no effect on willingness to rent land or amount of land supplied. But if landowners dislike dealing with renters, then we expect rental disamenities to reduce the land area offered for bioenergy crops (A 0 (rent) < 0).
• H4: Land available A has no effect on willingness to rent land or amount of land supplied. But if owners of larger tracts of land are either more prone to choose to rent out land, or else once they choose to rent they tend to rent out more land, then we expect larger scale landowners to supply more land for bioenergy crops (A 0 ( A) > 0).
Data and empirical methods

Landowner sampling and survey methods
To study land supply for bioenergy crops at the extensive margin where the cold and short growing season limits agricultural land use, we selected the Northern Tier of Wisconsin and Michigan. This region is primarily composed of forest but includes significant percentages of cropland and other nonforestland, some of it farmable. The region was chosen for its relatively lower agricultural productivity and the associated lower opportunity cost of conversion to bioenergy crops as compared to more agriculturally productive lands to the south (Kells & Swinton, 2014) . Figure 1 The landowners contacted were drawn from a list frame consisted of private landowners, farms, and clubs that owned ten or more acres of rural land. The two-stage sampling process used to develop the list frame first entailed selecting a stratified random sample of 18 counties and then continued with secondary stratification within each county. Stratification at the county level involved the designation of land cover classifications for high (≥20%) and low (<20%) levels of crop and grassland cover, respectively (Fig. 1 ). This ensured an adequate representation of counties with relatively higher levels of cropland and grassland, where planting bioenergy crops is likely to be more viable as compared to more highly forested counties. Data on land cover in cropland or grassland came from the USDA-NASS Cropland Data Layer (2014). In total, six counties were selected at random in Wisconsin (three per stratum) and twelve in Michigan (six per stratum). Twice as many counties were sampled in Michigan because they are roughly half the size of Wisconsin counties. Sampled counties are denoted by stars in Fig. 1 .
The second-stage stratification occurred within counties, dividing potential respondents who own at least ten acres of rural land into four strata. The goal was to assure that responses represented (1) landowners who did and did not participate in forest-management programs that could constrain biomass supply possibilities, and (2) landowners with large-and small-scale landholdings. The identification of landowners with land in state forest programs relied on property tax records obtained from county assessor offices. In Michigan, the relevant programs include the Qualified Forest and Commercial Forest programs, with parcels zoned as 'timber cutover' also counted. In Wisconsin, the Managed Forest Law is the relevant program. The same records identified landowners with 10-100 acres and those with over 100 acres of rural land. The final sample included four strata per county: small-scale landowners not in forest-management programs, small-scale landowners in forest-management programs, largescale landowners not in forest-management programs, and large-scale landowners in forest-management programs.
To complete the sample selection process, we drew 24 addresses at random from each stratum in (the smaller) Michigan counties and 48 from each stratum in (the larger) Wisconsin counties.
1 This resulted in a balanced final sample frame with 1152 landowners per state. Upon mailing out the study questionnaire to the selected landowner mailing addresses, 134 were returned as undeliverable or otherwise invalid. The final sampled population therefore consisted of 2170 valid addresses, 1124 of which returned completed questionnaires. The final response rate of 51.8% was high enough to provide good assurance of representing the underlying population of private, noncorporate landowners.
Survey experimental design
The questionnaire included sections on current land use and management practices, willingness to rent land for bioenergy crops, opinions about bioenergy, concerns about renting, and demographics. In the land use and management section, respondents were asked how many acres of land they owned of each of the following types -agricultural cropland, farmable noncropland, forestland, and other (e.g., wetlands, lawn). They were further asked whether they used each land type for income or recreation.
The contingent valuation portion was framed as a land rental decision. For each of three potential bioenergy crops -corn, switchgrass, and poplar (BC in question example below) -respondents were asked whether they would be willing to rent out land at a given rental rate ($c in question example below, ranging from $15 to $90) on each of three specified land types: cropland, farmable noncropland, and forested land 2 (LT in question example below). The question was phrased as follows, 'If somebody offered to rent your LT land to grow BC for $Y an acre per year, would you rent any of it out?' If the answer was yes, the respondent was asked to state the number of acres they would be willing to rent.
Rental rates were varied across surveys. Each crop was given one of four rental rates: 15, 30, 60, or 90 dollars per acre. The average rental rate in the region during 2011-2013 was $30/acre ($46/acre for cropland; $18/acre for pasture) according to the USDA's Cash Rents Survey (2014). In each questionnaire, the two grassy crops (corn and switchgrass) were assigned the same rental rate, and the two sources of woody biomass (poplar and slash) also had the same rate in dollars per acre, for a complete factorial design of sixteen (4 9 4) rental rate treatments that corresponded to 16 different questionnaire versions.
Attitudes toward bioenergy issues were elicited using a series of statements to which respondents were asked to rate their level of agreement on a scale of 1 (strongly disagree) to 5 (strongly agree). Attitudes toward renting were elicited in a similar manner with respondents rating the degree to which they were concerned about noise, potential legal costs, and having people on their land, along with other potential disamenities from renting.
A complete list of variables used in the econometric models is given in Table 1 . The table includes constructed variables from factor analysis of the bioenergy attitude and rental concern variables that are described below and in Tables 2  and 3 .
Econometric model
The econometric model is designed to capture a two-stage decision process in which the first decision is whether to rent land for bioenergy crops and, if yes, the second decision is how much land to rent. This class of hurdle model, introduced by Cragg (1971) , makes it possible to identify whether the same variables differ in their effects on the first-and second-stage decisions. The first stage, the decision on whether to participate in land rental markets for the bioenergy crops corn, switchgrass, and poplar, was estimated as a binary probit model. For those willing to participate, the second stage on how much land they are willing to rent was estimated using a truncated regression to estimate the number of acres made available (conditional on agreement to rent more than zero acres).
Explanatory variables in both the probit and truncated regressions include current land use, acres of each land type, bioenergy attitudes, rental concerns, and socioeconomic characteristics. There were eleven statements regarding bioenergy attitudes and twelve regarding rental concerns in the questionnaire. Because these variables were measured on a 5-point Likert scale, some were highly correlated. Factor analysis is a method of reducing large numbers of variables by searching for joint variation in response to unobserved factors. Using factor analysis, the eleven attitude variables and twelve concern variables were reduced to four factors each.
For each of the raw variables related to bioenergy attitudes and concerns about land rental, we present the factors and the associated factor loadings after orthogonal varimax factor rotation in Tables 2 and 3 . The bioenergy attitude factors are labeled and their loadings of the original Likert-scaled variables are as follows:
• 'Antifossil fuels' factor has high loadings on statements about the need to replace fossil fuels;
• 'Pro-bioenergy' factor has high loadings on bioenergy as superior to other renewable energy sources and liquid biofuels as a promising technology;
• 'Antibioenergy' factor has high loadings on bioenergy crops competing with food needs and leading to loss of forest;
• 'Bioenergy skeptic' factor has positive loadings on the importance of renewable energy and the need to protect biodiversity, with negative loadings on prioritizing bioenergy over other forms of renewable energy.
Land rental concerns were similarly reduced to four factors, as follows:
• 'Environmental impact' factor has heavy loadings on increased use of pesticides and fertilizers, loss of biodiversity, reduced soil and water quality, and negative land use changes;
• 'Rental process' factor loads heavily on potential legal costs, contract length, and need for insurance;
• 'Smell and noise' factor loads heavily on potential smell and noise from machinery, with lesser loading from potential legal costs;
• 'Unwanted land use change' factor loads chiefly on the concern about land changing in undesirable ways.
Results
The Northern Tier of Wisconsin and Michigan is dominated by forest. Survey respondents reported owning 299 000 acres of land. Extrapolating from the survey stratum sampling probabilities, forest cover accounts for 55% of rural land cover (50% mixed species; 5% single species) (Fig. 2) . Agricultural cropland is the second most important land type, with 28% of area. Farmable noncropland represents the category of agriculturally marginal land that is not currently in crops but could easily be converted to agricultural use. This land type constituted 11% of the total, with the remaining 5% described as 'other' noncropland (chiefly wetlands). The overarching finding is that less than 30% of landowners are willing to rent out their land for any bioenergy crop at the rental rates offered (Figs 3-5) . Given that these rates ranged up to three times the prevailing $30/acre cash rental rate, landowners are clearly quite reluctant to make their land available for this purpose. Among those who are willing to rent cropland, they generally prefer to do so for corn (Fig. 3) , while those willing to rent out farmable noncropland prefer to do so for switchgrass (Fig. 4) . Landowners are especially reluctant to rent out forestland for any bioenergy crop (Fig. 5) . But if they do, poplar trees are the preferred bioenergy crop (still with fewer than 20% willing to do so). Extremely few (under 10%) are willing to rent out forestland for planting of grassy crops.
The determinants of willingness to supply land to grow bioenergy crops depend importantly on the interaction among land type (three categories) and crops (3), (Tables 4, 6 , and 8). Owners who already rented out land (6 of 9 probit models) and who held pro-bioenergy attitudes (8/9 probits) were more likely to be willing to rent any type of land for bioenergy crops. Likewise, those who had more land, whether cropland (6/9), farmable noncropland (5/9), or mixed forest (7/9), were willing to rent more acres, contingent on being willing to rent out land for bioenergy crops in the first place (Tables 5, 7 , and 9). Landowners who held concerns about the rental process were less willing to rent out land for grassy bioenergy crops (corn and switchgrass; Tables 4 and 6).
Results by land type
On cropland (Table 4) , as more generally, factors favoring willingness to devote the land to bioenergy crops included having rented out land previously and holding pro-bioenergy views (making, respectively, a typical grower 29% and 6% more likely to rent land). It appears that landowners perceive a connection between their cropland and their farmable noncropland. Landowners who use farmable noncropland for income are 13% less willing to rent out land for corn or switchgrass on cropland, whereas those who use farmable noncropland for personal use are 12-18% more willing to rent out land to grow these bioenergy crops on cropland. In addition, owners who hold concerns about the rental process are also 4-5% less likely to rent out land for bioenergy crops. The determinants of willingness to rent out cropland for bioenergy poplar (Table 4 ) differed somewhat from those for bioenergy corn or switchgrass. Those with higher income and more cropland were more willing to rent it out for poplar, especially if they already used forestland for income.
The area of cropland offered by those landowners who were willing to rent it out (Table 5 ) was increased among the ones who owned more land (of any type), who used cropland for income, who were farmers, whose land was previously in the family, who earned more income, and who held concerns about the rental process (suggesting that those concerns had been assuaged when they decided to rent out land at all). Less land was offered for rental among landowners willing to rent for bioenergy crops who were more educated, who had a personal use for cropland, and who were bioenergy skeptics.
On farmable noncropland, as with cropland, willingness to rent the land out for bioenergy crops (Table 6) was 13-18% greater among owners who already rented out land, while it was 5-8% less among those with rental process concerns. It was also 8-20% less among those who grew corn -at least to make the noncropland available for corn or switchgrass. Those who favor bioenergy were 5-8% more willing to rent out land for the grass crops. P-value of chi-square from likelihood ratio test = zero for all models. Significance (t-test probability > 0): ***1%; **5%; *10%. Significance (t-test probability > 0): ***1%; **5%; *10%.
The area of farmable, noncropland that willing owners would avail for bioenergy crops echoes results from cropland (Table 7) . Those with more land were willing to rent more land for bioenergy crops, as were those with rental process concerns (assuming those concerns could be addressed). Factors that reduced the area that respondents were willing to rent for bioenergy crops were personal use of noncropland and environmental concerns about bioenergy crop production. Several additional factors worked against renting out land for corn production.
On forestland, owners were much less willing to rent for corn and switchgrass production (Table 8, Fig. 5 ) -fewer than 10%, even at the highest rental rate (which was over double prevailing cash rents). Those who held pro-bioenergy attitudes, who were offered higher rental rates, and who used cropland for income were relatively more willing. Those who grew corn, held antibioenergy attitudes, and who were concerned about change in land use or loss of profitability tended to offer less land to rent out for bioenergy crops. Surprisingly, those who used forestland for personal use were more willing to rent it out for poplar production.
As for the area of forestland that owners would be willing to rent out for bioenergy crop production (Table 9) , renting land for poplar was much preferred to the grass crops. Those with more forestland would rent out more of it for poplar (and those with more cropland would rent out less forestland for poplar). Environmental concerns linked to bioenergy crop production also detracted from the area that owners would Significance (t-test probability > 0): ***1%; **5%; *10%. P-value of chi-square from likelihood ratio test = zero for all models. Significance (t-test probability > 0): ***1%; **5%; *10%. rent for poplar. Higher rental rate favored offering more forestland, a notable difference from other land types where the rental rate did not affect the area that would be rented for bioenergy crops.
Results by bioenergy crop
Although land type was a dominant factor shaping the willingness of landowners to rent out land for bioenergy crops, there were also clear differences by proposed crop. Corn tended to be the preferred bioenergy crop for rental of cropland. For corn on all land types, a $10/acre increase in rental rate tended to increase the probability of renting out land for bioenergy corn by 1.1-1.7% (on forestland and cropland, respectively). Prior land rental favored willingness to rent out land for corn by 9-29%. Neither rental rate nor prior land rental affected the decision on how many acres to rent. Landowners who already grew corn were disinclined to rent out land to grow more of it on forest or noncropland. As for area of land to rent, the use of cropland or noncropland for income led to more land rented out. By contrast, use of any land type for recreation reduced willingness to rent and/or the area that owners were willing to rent out for corn. Switchgrass was the preferred bioenergy crop on farmable noncropland. Rental rate did not significantly affect the decision to rent out land for switchgrass, although having rented out land in the past and having a positive attitude toward bioenergy favored doing so. Concerns about land rental and environmental effects of bioenergy crops detracted from willingness to rent land out for switchgrass, as did the use of noncropland or cropland for recreation.
Renting land out for poplar was strongly favored by rental rate, past land rental, and acres of land available (especially forestland). On forestland, those who had had recently harvested timber were more willing to rent land for poplar, whereas those with more single species forest and with environmental concerns about bioenergy were not.
Hypothesis tests
Our conceptual model motivated four hypotheses about determinants of willingness to rent land for bioenergy crops. The null hypotheses turn out to have different effects on the two sides of the econometric hurdle model: the participation probit vs. the area commitment truncated regression.
Rental rate (the price variable in these models) turned out to affect the probability of renting land for corn. More formally, we reject null hypothesis H1 of no rental rate effect in the probit models for corn on all land types, as well as for poplar on forestland. Rental rate did not significantly affect the decision to plant switchgrass on any land type or to plant poplar on cropland or farmable noncropland. Rental rate also affected the area of land rented (at 10% probability of Type I Error) for three cases: switchgrass on cropland, corn on noncropland, and poplar on forestland. Of these, the last is most meaningful, as it implies that rental rate affects both the decision to rent and the area rented for poplar on the land type that is by far the most common.
Environmental amenities tended to have little effect on the decision to rent land out for bioenergy crops, but more effect on the area offered, leading to rejection of H2 for the area offered models. Based on the factor analysis, the 'environmental concerns' factor had positive loadings on three Likert-scaled questions regarding concern about the use of pesticide and fertilizer, the loss of biodiversity, and the risk of lower soil and water quality. Environmental concerns reduced the area of land rented out for both corn and switchgrass on À0.0856*** À0.1169*** P-value of chi-square from likelihood ratio test = zero for all models. Significance (t-test probability > 0): ***1%; **5%; *10%.
farmable noncropland as well as on forestland. They had the same effect for area of land rented for poplar on cropland and forestland. Concerns about the rental process had a surprising contrapuntal effect: Rental process concerns reduced the probability of renting land to grow bioenergy crops, but among those willing to rent land, rental process 'concerns' had apparently been dealt with, as this factor was associated with renting more land. More formally, hypothesis H3 that rental concern would have no effect was rejected for five of the participation probits. Rental process concerns reduced the probability of renting cropland for switchgrass or poplar, as well as renting farmable noncropland for any of the three bioenergy crops. A related concern -that of irreversible land use change -detracted from the probability of renting forestland for any of the three bioenergy crops.
The rental process 'concerns' factor had a positive effect on the second-stage area commitment truncated model in six instances. This was true for all three bioenergy crops on cropland, corn and switchgrass on farmable noncropland, and corn on forestland. Presumably this result follows because the landowners who were willing to rent out land for bioenergy crops were those who had resolved any rental process issues.
The land resource constraint clearly affected how much land area was supplied by willing landowners. A robust result for almost all bioenergy crops on all land types was that more land area owned increased the area of land that the owner was willing to make available, implying rejection of H4 for the truncated models. However, in certain instances, land area owned also affected the decision of whether to rent land for bioenergy crops. In particular, owners with more cropland P-value of chi-square from likelihood ratio test = zero for all models. Significance (t-test probability > 0): ***1%; **5%; *10%.
were more willing to rent land for switchgrass on noncropland and for poplar on cropland or noncropland, but, oddly, less willing to rent out land for corn on cropland. Land area owned had no effect on the decision to rent out forestland.
Discussion
Land supply for bioenergy crops
Agriculturally marginal regions, including those at the frost-limited northern extensive margin, are potentially attractive for bioenergy crops both because such crops tend not to replace food crops and because the opportunity cost of land is lower. However, this study of the Northern Tier zone of the Great Lakes region in Michigan and Wisconsin finds that the private, noncorporate landowners are willing to supply relatively little land at foreseeable rents more than double current agricultural cash rents in the region. Moreover, most of the land they would supply either has forest cover or crop cover, meaning that bioenergy crops would displace desirable current land covers. More specifically, the most widespread land cover among the private, noncorporate landowners in the Northern Tier is forest, accounting for 55% of land cover reported.
3 Landowners in the region are reluctant to replace forest with bioenergy crops. Even at rental rates of $90/acre (2-5 times average rental rates for cropland and pasture, respectively), less than 10% of landowners would rent out land for corn or switchgrass, and less than 20% would do so for poplar. Over the range of rental rates reviewed, only 6-14% of landowners would rent forestland for a bioenergy crop (with poplar the preferred choice on forestland). Not only is this a limited land supply, but removing timber to plant bioenergy crops would create a 'carbon debt' that would significantly lengthen the time period before bioenergy crops would make a net reduction in greenhouse gas emissions (Fargione et al., 2008) . Cropland is the second most common land use, at 28% of area managed by respondents. At double the prevailing $45/acre rental rate for cropland in the region, 28% of landowners expressed willingness to rent out land for corn as a bioenergy crop. But this still amounts to just 8% of the aggregate land area, and it carries the opportunity cost of reduced crop output, particularly of livestock feed.
Farmable noncrop marginal land is the category of greatest interest, due to its low opportunity cost. However, it is the least common type of land, accounting for only 11% of the land held among private, noncorporate landowners in the Northern Tier. Such land typically rents for $15-20/acre, at which rates only 11% of owners would rent out the land. At $90/acre, roughly 5 times the norm, 23% would rent out noncrop marginal land for switchgrass, for an area supply range of 1-2% of total area from these Northern Tier lands with the lowest opportunity cost.
The willingness of landowners to supply noncrop marginal land for bioenergy crops turns out to be similar to the agricultural zones just south of the Northern Tier region. In southern Michigan at rents that range from one-half to three times the $100/acre norm for cropland ($50-300/acre), landowners were willing to supply 20-40% of their noncrop marginal land for bioenergy crops (with corn preferred) (Skevas et al., 2016) . Focusing on comparable rents in the $15-90/ acre range (when average is $30/acre), Northern Tier landowners were willing to supply an estimated 10-25% of their noncrop marginal land (based on figure 3 of Skevas et al., 2016) . In southern Wisconsin, farm landowners with marginal agricultural land would provide less than 5% of their land for bioenergy crops at prices providing similar income (Mooney et al., 2015) .
In terms of the overall supply of marginal lands for bioenergy crops, the Northern Tier does not appear any more attractive than more southerly agriculturally dominated regions. In both areas, potential bioenergy supply is quite limited and geographically fragmented, which would in turn increase costs of collection for demand points such as biorefineries or power plants.
Landowner preferences among land types and bioenergy crops
The determinants of land use decisions for cropland and farmable noncropland from this study in the Northern Tier are comparable to those for similar land use categories (cropland, pasture, and other marginal lands) in related studies conducted in southern Michigan and Wisconsin (Mooney et al., 2015; Skevas et al., 2016) .
A common finding is that current land cover tends to dictate the preferred bioenergy crops. Respondents preferred not to convert their land from one broad type of cover to another. On agricultural land and farmable noncropland, owners preferred to grow grassy bioenergy crops. On cropland, they tended to favor corn, while on noncrop marginal land, they tended to favor switchgrass. On forestland, they strongly preferred not to convert to bioenergy crops, but the few who were willing to do so strongly preferred to grow poplar, a tree crop, rather than corn or switchgrass.
Land use decisions among Northern Tier landowners appear less motivated by income generation and more motivated by nonmonetary amenities than in the more agricultural zones of southern Michigan and Wisconsin. Evidence of less income orientation in the Northern Tier comes from the coefficients on the rental rate variable in the probit models for both studies. In the cropland and marginal land use categories, rental rate mattered only in 2 of 6 probit models for the Northern Tier (both times for corn). Yet, rental rate mattered in all 6 probit models for southern Michigan, while in southern Wisconsin, biomass price was a significant driver of farm landowners' initial decision of whether to supply land for bioenergy crops.
By contrast, environmental amenities and bioenergy attitudes were stronger drivers of land use decisions in the Northern Tier. In this region, pro-bioenergy views affected willingness to rent land for bioenergy crops in 5/6 probits, with two other bioenergy attitudes also significant. By contrast, in the southern Michigan study, only 1 of 6 probit models had an influential environmental attitude variable. The same pattern is true of the truncated regression models that predict the area of land supplied by willing renters. In the Northern Tier, the pro-environment 'bioenergy skeptic' attitude factor figured in 3 of 6 models (with environmental impact in one other), while in the southern region, environmental or bioenergy attitudes mattered in only 1 of 6 of truncated models (Skevas et al., 2016) . In southern Wisconsin, favorable views toward renewable energy and concern for environmental quality boosted the supply of land for bioenergy crops, but the magnitude of these effects was relatively small (Mooney et al., 2015) .
Rental concerns, generally disamenities, also played a bigger role in land use decisions in the Northern Tier than in the south. In the Northern Tier, the smell and noise factor mattered in 5 of 6 of probits and 6 of 6 truncated models (with rental process also figuring in 2 of 6 truncated regressions). By contrast, in southern Michigan, land rental concerns mattered in just 2 of 6 of probits, with agricultural production concerns mattering in 1 of 6 of probits and 2 of 6 truncated models.
Conclusion
In conclusion, private, noncorporate landowners in the Northern Tier of the Great Lakes are largely unwilling to supply land for production of bioenergy crops, even at land rental rates 2-5 times prevailing values in 2014. Their reluctance appears to stem in part from caring more for environmental amenities and renting disamenities than for income generation on these lands.
Hence, even though the economic opportunity costs of rural land in this region appear lower than in agriculturally dominated lands to the south, the potential supply of land for bioenergy crops is limited in this landowner population. While some biomass could come from timber residues associated with thinning or harvesting commercial forests, such supply is likely to be too dispersed to cost-effectively meet the needs of medium-to large-sized biorefineries or bioenergy-powered electrical generating plants (Epplin et al., 2007) .
There remain two potentially attractive avenues for bioenergy crop production in this region that deserve future research. The first is to examine the current data with greater spatial discrimination. Although the percentage of bioenergy-available land in aggregate is small, future research can use spatial analysis to determine whether there exist geographic clusters of landowners who are more willing to supply their land.
The second avenue is to look beyond private, noncorporate landowners. Apart from this group, there exist two other major types of landowners in the Northern Tier: governments and corporations (McDonough et al., 1999; Leefers et al., 2003; Vasievich & Leefers, 2006) . Most government forest managers are required to target 'mixed use' criteria, but revenue generation is one important objective. Likewise, corporate land (including real estate investment trusts) is typically managed for income generation. Future research into the availability of land for bioenergy crops in the Northern Tier should examine the potential supply from these institutional and corporate landowners.
